NO.  DOT-TSC-NHTSA-79-40 


DOT-HS-805  239 


HE 
I 8.5 
.A3  4 
no . 
DOT- 
TSC- 
NHTSA- 
79-40 


POTENTIAL  OF  DIESEL  ENGINE, 
EMISSION  TECHNOLOGY 


Joseph  Sturm 
Thoma s Tre 1 1 a 


OF 

TBANSPORTATION 
JUL  2 2 1980 

library  ^ 


U.S.  DEPARTMENT  OF  TRANSPORTATION 
Research  and  Special  Programs  Administration 
Transportation  Systems  Center 
Cambridge  MA  02142 


MARCH  1980 
FINAL  REPORT 


DOCUMENT  IS  AVAILABLE  TO  THE  PUBLIC 
THROUGH  THE  NATIONAL  TECHNICAL 
INFORMATION  S E R V I C E , SPR I NG F I E LD, 
VIRGINIA  22161 


for 


U.S.  DEPARTMENT  OF  TRANSPORTATION 

NATIONAL  HIGHWAY  TRAFFIC  SAFETY  ADMINISTRATION 
Office  of  Research  and  Development 
Washington  DC  20590 


NOTICE 


This  document  is  disseminated  under  the  sponsorship 
of  the  Department  of  Transportation  in  the  interest 
of  information  exchange.  The  United  States  Govern- 
ment assumes  no  liability  for  its  contents  or  use 
thereof . 


NOTICE 

The  United  States  Government  does  not  endorse  pro- 
ducts or  manufacturers.  Trade  or  manufacturer's 
names  appear  herein  solely  because  they  are  con- 
sidered essential  to  the  object  of  this  report. 


NOTICE 

The  views  and  conclusions  contained  in  the  document 
are  those  of  the  authorCs)  and  should  net  be  inter- 
preted as  necessarily  representing  the  official 
policies  or  opinions,  either  expressed  or  implied, 
of  the  Department  of  Transportation. 


TC  - -A 


Technical  Report  Documentation  Poge 


1 . Report  No. 

DOT-HS-805  239 

2.  Government  Accession  No. 

3.  Recipient's  Cotolog  No.  j 

ond  Subtitle 

POTENTIAL  OF  DIESEL  ENGINE, 
EMISSION  TECHNOLOGY 

5.  Report  Dote 

March  1980 

6.  Perform ing.  Orgoni  loti on  Code 

0.  Performing  Orgonizotion  Report  No. 

DOT-TSC-NHTSA- 79-40 

7.  Author’ll) 

J.  Sturm,  T.  Trella 

9.  Performing  Orgoniiotion  Nome  ond  Address 

jLI . S . ^.^partment  of  Transportation 
'Tlesearch  and  Special  Programs  Administration 
Transportation  Systems  Center 
^Cambridge  MA  02142 

10.  Work  Unit  No.  (TRAIS) 

HS027/R0404 

11  Controct  or  Gront  No. 

13.  Type  of  Report  ond  Period  Covered 

Final  Report 

January  1979  - July  1979 

12.  Sponsoring  Agency  Nome  ond  Address 

U.S.  Department  of  Transportation 
National  Highway  Traffic  Safety  Administration 
Office  of  Research  and  Development 
Washington  DC  20590 

14.  Sponsoring  Agency  Code 

15.  Supplementary  Notes 

16.  Abstroct 

This  report  surveys  diesel  engine  emission  technologies  applicable 
to  passenger  cars  and  light  trucks.  The  general  design  and  operating 
features  are  presented  and  discussed.  Current  and  state-of- 
the-art  concepts  are  reviewed  with  the  focus  on  control  of  diesel 
emissions  through  (1)  modification  of  the  combustion  process, 

(2)  aftertreatment  systems  and  (3)  fuel  modifications. 


TRANSPORTATrON 


JUL  2 2 1980 

library 


17.  Key  Words 

Diesel,  Engines,  Emissions, 
Automobile,  Light  Truck,  Fuel 
Economy 

18.  Diitribution  Stotement 

DOCUMENT  IS  AVAILABLE  TO  THE  PUBLIC 
THROUGH  THE  NATIONAL  TECHNICAL 
INFORMATION  SERVICE.  SPRINGFIELD, 
VIRGINIA  22161 

19.  Security  Clossif.  (of  this  report) 

Unclassified 

20.  Security  Claisif.  (ol  this  page) 

Unclassified 

21«  No.  of  P oges 

47 

22.  Price 

Form  DOT  F 1700.7  (8-72) 


Reproduction  of  completed  poge  outhorized 


; 08!-!!  P " I 

i i 


i':  ■• 





ii-  ■-'■I*. 


I, 

/,,  y 


' 


PREFACE 


This  report,  DOT-TSC-NHTSA-79-40 , is  one  of  a series  of  four 
companion  reports  to  DOT-TSC-NHISA-yQ- 38  "Potential  of  Diesel 
Engine,  1979  Summary  Source  Document."*  It  presents  state-of-the- 
art  concepts  on  control  of  diesel  emissions.  This  report  is  a 
deliverable  under  PPA  HS-027  "Support  for  Research  and  Analysis 
in  Auto  Fuel  Economy  and  Related  Areas," 


"Potential  of  Diesel  Engine,  1979  Summary  Source  Document,"  by 
T.  Trella,  Report  No.  DOT-TSC-NHTSA-79-38 , March,  1980  . 
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INTRODUCTION 


The  control  of  the  undesirable  diesel  engine  pollutants  might 
limit  the  potential  improvement  in  fuel  economy  expected  from  the 
increased  penetration  of  the  diesel  engine  in  the  transportation 
field.  These  pollutants  include  the  regulated  emissions  of  nitrogen 
oxides,  carbon  monoxide  and  hydrocarbons  and  the  nonregulated 
emissions  such  as  the  particulate,  polynuclear  aromatic,  odor,  and 
irritant  producing  compounds. 

These  pollutants  are  the  result  of  the  autoignition  and 
combustion  processes  and  the  complexities  which  result  from  the 
use  of  heterogeneous  mixtures  in  diesel  engines.  Unfortunately, 
the  mechanisms  of  autoignition,  combustion,  and  emission  formations 

in  diesel  engines  are  not  well  understood  because  of  the  complexi- 
ties of  the  instrumentation  and  the  length  of  time  needed  for  such 
invest igat ions . 

This  document  surveys  diesel  engine  emissions  technologies 
applicable  to  passenger  cars  and  light  trucks.  The  general  design 
and  operating  features  are  presented  and  discussed.  Current  and 
state-of-the-art  concepts  are  reviewed  with  the  focus  on  control 
of  emissions  through  Cl]  modification  of  the  combustion  process, 

C2)  aftertreatment  systems  and  C3]  fuel  modifications. 
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1 . ENGINE  CHARACTERIZATION 


Categorization  of  reciprocating  internal  combustion  engines  is 
generally  subdivided  into  homogeneous  combustion  and  heterogeneous 
combustion  systems.  Conventional  gasoline  spark  ignition  engines 
employ  homogeneous  combustion  systems,  whereas,  the  diesel  and 
gasoline  stratified  charge  engines  are  of  the  heterogeneous  type. 

The  homogeneous  combustion  system  relies  on  assisted  ignition  (spark 
plug)  of  a well  prepared  fuel-air  mixture  from  which  its  name  is 
derived.  Fuel  is  provided  by  means  of  a carburetor  or  injection 
system  and  is  mixed  with  air  in  the  engine’s  induction  system  before 
entering  the  combustion  chamber.  The  fuel-air  charge  lies  between 
the  lean  and  rich  flammability  limits,  and  combustion  takes  place 
in  the  form  of  a flame  front  starting  at  the  spark  plug  and  pro- 
pagating through  the  homogeneous  charge. 

In  a heterogeneous  combustion  system,  the  fuel-air  mixture  is 
not  prepared  in  the  induction  system,  but  fuel  is  delivered 
or  injected  directly  into  the  combustion  chamber  where  it  is  simul- 
taneously mixed  with  the  air. 

In  such  engines  as  in  the  stratified  charge  and  diesel  hetero- 
geneous combustion,  the  overall  fuel-air  charge  is  generally  fuel- 
lean,  The  fuel/air  mixture  ratio,  however,  may  vary  from  one  part 
of  the  charge  to  another.  In  the  stratified  charge  engine  ignition 
starts  by  an  electric  spark  located  in  a rich  fuel  zone.  The  rest 
of  the  combustion  process  depends  upon  the  design  of  the  combus- 
tion chamber  and  whether  it  is  one  chamber  or  a divided  chamber. 

In  the  divided  chamber,  the  spark  occurs  in  the  prechamber  where 
the  mixture  is  rich  and  a torch  from  the  prechamber  ignites  the 
charge  in  the  main  chamber,  which  is  lean.  The  diesel  engine  can 
be  considered  a stratified  charge  engine  which  uses  heat  of 
compression  for  ignition.  Such  engines  display  high  thermal 
efficiency  mainly  caused  by  the  relatively  high  compression  ratio 
required  to  start  the  autoignition  process,  the  lower  pumping 
losses,  as  a result  of  the  absence  of  the  throttle  valve  (which 
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is  needed  in  spark  ignition  enginesto 
and  the  overall  lean  mixture  required 
heterogeneous  combustion  process. 


control  the  power  output) 
to  achieve  a satisfactory 
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2.  DIESEL  ENGINE  TECHNOLOGIES  (GENERAL) 


Diesel  combustion  can  take  pla-ce  in  one  chamber  (direct 
injection  or  open  chamber)  or  in  a divided  chamber  (indirect 
injection).  The  General  Motors  Oldsmobile  350  diesel  and  Peugeot 
504D  are  divided  chamber  types;  the  Mercedes  Benz  240D  and  300D 
are  divided  chamber  types  with  prechamber  design. 

2.1  DIRECT  INJECTION  ENGINES 

2.1.1  Mixture  Formation  - In  D.I.  or  open-chamber  (O.C.)  diesel 
engines,  the  fuel  is  injected,  directly  into  the  bulk  of  air  in  the 
combustion  chamber.  The  mixing  of  fuel  and  air  is  attained  by 
using  the  kinetic  energy  of  the  fuel  jet  flowing  out  of  the  nozzle 
orifices,  and  the  energy  of  the  moving  air  charge.  The  major  types 
of  air  motion  are  the  rotary  (swirl) , and  the  radially  inward 
(squish)  components. 

The  swirl  air  motion  is  generated  when  the  cylinder  is  being 

charged  with  the  fresh  charge  as  the  air  flows  through  directed 

intake  ports,  and  sometimes  through  masked  intake  valves  or  ports, 

in  a tangential  direction  to  the  cylinder.  The  resulting  rotary 

motion  or  swirl  continues  during  the  compression  stroke  in  the 

form  of  a forced  vortex  solid-body  rotation^,  and  is  augmented  by 

the  flow  of  the  charge  into  the  combustion  space,  which  has  a 

smaller  diameter  than  the  cylinder,  as  the  piston  approaches  the 

cylinder  head..  The  radial  velocity  component  is  generated  by  the 

inward  flow  of  the  charge  into  the  combustion  chamber  as  the  piston 

approaches  TDC.  The  combustion  chamber  geometry,  such  as  bowl 

diameter,  bowl  throat  diameter,  flank  angle,  lip  shape  and  bowl 

shape  have  been  found  to  have  a great  effect  on  the  rate  of  fuel 

and  air  mixing,  and  thus  the  performance  and  emission  characteris- 

2 

tics  of  the  engine. 
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In  some  designs,  helical  intake  ports  are  used  to  produce  a 
rotation  of  the  air  around  the  stem  of  the  valve  before  entering 
the  cylinder.  Lisf^  introduced  a fin  mounted  in  the  intake  port 
to  divide  the  airflow  into  at  least  two  subsidiary  currents  flow- 
ing in  opposite  directions,  to  increase  turbulence  in  the  cylinders 
of  D . I . engines . 

Excessive  fuel  atomization  results  in  poor  penetration  and 
in  inefficient  air  utilization  and  combustion.  Excessive  air  swirl 
also  results  in  less  penetration  and  overlap  of  the  sprays  which 
results  in  poor  combustion.  Therefore,  the  optimum  swirl  may  vary 
from  one  engine  to  another  depending  upon  the  design  of  the  com- 
bustion chamber,  the  number  and  size  of  injection  holes,  and  other 
characteristics  of  the  injection  system . ^ ^ The  fuel  injection 

pressures  in  D.I.  engines  vary  from  about  3000  psia  to  8500  psia. 
These  pressures  usually  exceed  the  critical  pressures  of  the 
majority  of  the  fuel  constituents  (311  psia  for  n-decane  and  272 
for  n-dodecane) . Actual  diesel  fuels  contain  heavier  hydrocarbons 
than  those  mentioned  above.  Their  critical  pressures  decrease 
with  the  increase  in  the  number  of  carbon  atoms  in  the  molecule. 
Upon  injection,  the  fuel  pressure  drops  to  the  cylinder  air 

7 

pressure  which  is  in  the  range  of  350-850  psia.  Higher  pressures 
may  be  reached  in  supercharged  engines. 

In  many  engines,  particularly  those  with  turbocharging,  fuel 
evaporation  in  the  cylinder  may  occur  under  supercritical  condi- 
tions. Most  of  the  previous  studies  on  droplet  evaporation  have 
been  concerned  with  subcritical  evaporation  which  occurs  in  low 
compression  ratio,  naturally-aspirated  diesel  engines.  Studies 
in  supercritical  evaporation  and  combustion  have  been  limited  to 
pure  liquid  compounds.  » » » In  diesel  engines,  the  droplets 

consist  of  a very  large  number  of  compounds  with  quite  different 
thermodynamic  properties.  One  major  problem  in  the  analysis  of 
actual  petroleum  fuels  is  that  of  finding  an  average  property 

for  distillates.  One  of  the  methods  proposed  for  such  studies  is 

1 2 

that  of  the  "Characterization  Factor",  however,  ther-e  is  no  way 
to  check  the  validity  of  using  this  method  for  the  study  of 
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supercritical  evaporation  of  actual  fuels  in  engines. 

A limited  number  of  studies  have  been  made  on  the  droplet  size 
distribution  in  fuel  sprays  in  D.I.  diesel  engines.  Basic  studies 
are  needed  in  this  area  to  utilize  modern  electronic  and  holo- 
graphic techniques. 

In  multicomponent  liquid  sprays,  the  concentration  of  the 

higher-boiling  components  in  the  liquid  drops  increases  as  the 

spray  evaporates . ^ ^ At  higher  air  temperatures,  this  trend  toward 

increased  concentration  of  the  higher-boiling  com.ponents  is  more 
1 3 

pronounced.  This  means  that  the  lower  boiling  point  components 
are  the  first  to  evaporate  and  mix  with  the  air,  followed  by  the 
heavier  components.  Therefore,  in  diesel  engines,  the  mixtures 
are  not  only  heterogeneous,  but  also  have  different  fuel  composi- 
tions in  the  different  parts  of  the  spray,  at  different  intervals 
during  the  combustion  process. 

2.1.2  Autoignition  - Unlike  the  conventional  and  the  stratified 
charge  gasoline  engines,  in  which  combustion  starts  by  an  electric 
spark  at  one  location,  the  combustion  in  the  diesel  engine  starts 
by  autoignition  nuclei  at  numerous  locations  in  the  combustion 
chamber . 

The  preignition  processes  in  diesel  engines  may  be  divided 
into  physical  and  chemical  processes.  The  physical  processes  are: 

(1)  spray  disintegration  and  droplet  formation, 

(2)  heating  of  the  liquid  fuel  and  evaporation,  and 

(3)  diffusion  of  the  vapor  into  the  air  to  form  a 
combustible  mixture. 

The  chemical  processes  are: 

(1)  the  decomposition  of  the  heavy  hydrocarbons  into 
lighter  components,  and 

(2)  the  preignition  chemical  reactions  between  the 
decomposed  components  and  oxygen. 
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The  time  taken  after  the  start  of  injection  for  the  preigni- 
tion processes  to  produce  the  ignition  nuclei  and  detectable  com- 
bustion phenomena,  is  known  as  the  ignition  delay.  The  duration 
of  the  ignition  delay  is  one  of  the  most  important  criteria,  hav- 
ing a great  effect  on  the  combustion  process,  mechanical  stresses, 
engine  noise,  exhaust  gaseous  and  particulate  emissions. 

In  high  speed  automotive  diesel  engines,  the  preignition 
chemical  processes  have  been  found  to  be  the  rate-controlling 
processes  during  the  ignition  delay. However,  very  little  is 
known  about  their  detailed  mechanisms.  More  research  work  is  needed 
particularly  in  the  area  of  mechanisms  which  lead  to  the  formation 
of  aldehydes,  oxygenated  hydrocarbons,  odor  forming  compounds, 
and  particulates. 

2.1.3  Combustion  - The  combustion  process  in  D.I.  engines  may 
be  considered  to  take  place  in  two  stages.  The  first  stage  follows 
the  formation  of  the  ignition  nuclei,  and  results  in  the  combus- 
tion of  the  already-mixed  fuel  vapor  and  air  during  the  ignition 
delay  period.  This  part  has  been  found  to  have  a major  contribu- 
tion in  the  NO  formation. The  second  stage  takes  place  in  the 
diffusion  type  flame  combustion  in  the  core  of  the  spray  and  the 
fuel  deposited  on  the  walls.  This  stage  results  in  the  formation 
of  the  incomplete  combustion  products  such  as  the  unburned  hydro- 
carbons, partially  oxygenated  hydrocarbons,  and  particulate  emis- 
sions . 

2.2  INDIRECT  INJECTION  ENGINES 

In  this  type  of  engine,  fuel  is  injected  into  the  prechamber. 
Mixing  is  attained  mainly  by  using  the  kinetic  energies  produced 
by:  (a)  the  flow  of  air  into  the  prechamber  during  the  compres- 
sion stroke,  and  (b)  the  flow  of  the  products  of  combustion  from 
the  prechamber  to  the  main  chamber.  The  kinetic  energy  of  the 
fuel  jet  flowing  out  of  the  nozzle  orifices  contributes  to  the 
mixture  formation  to  a much  smaller  degree  than  in  the  D.I.  engines 
Accordingly,  the  injection  pressures  in  the  divided  chamber  engines 
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can  be  lower  than  those  in  the  open  chamber  engines.  Other 
advantages  of  the  I.D.I.  design,  resulting  from  the  higher  energy 
of  mixing,  are  better  air  utilization  (A/F  equivalence  ratio  = 

1.15  to  1.25)  and  higher  specific  output  and  rated  speeds. 
Furthermore,  the  maximum  pressures,  rates  of  pressure  rise,  and 
noise  level  in  the  I.D.I.  engines  ate  lower  than  in  the  D.I. 
engines.  Because  of  the  high  turbulence  and  surface  to.  volume 
ratio,  however,  the  cooling  losses  are  higher  than  in  the  D.I. 
engine.  Other  disadvantages  of  the  I.D.I.  engine  are  the  lower 
thermal  efficiency,  and  the  higher  local  thermal  stresses  caused 
by  the  impingement  of  the  high  velocity  gases  discharged  from  the 
prechamber  into  the  main  chamber.  I.D.I.  engines  can  use  a single 
orifice  spray,  are  suitable  for  small  size  engines  (as  small  as 
250  c . c . /cylinder) , and  can  run  at  up  to  speeds  of  5000  r.p.m.^^ 

The  performance  of  the  I.D.I.  engine  depends  upon  many  factors, 
including  the  ratio  of  the  prechamber  volume  to  the  total  clear- 
ance volume,  the  eddies  and  gas  flow  patterns  in  the  prechamber 
and  main  chamber,  size  and  direction  of  the  throat,  piston 
recesses,  and  the  surface  temperatures. 

The  ’’swirl*’  type  of  I.D.I.  engine  is  widely  used  in  light- 
duty  diesel  engines  with  cylinders  under  900  c.c.  In  the  ’’swirl" 
type,  the  volume  of  the  prechamber  is  about  50  percent  or  more  of 
the  total  clearance  volume.  A well  organized,  directed  sv;irl 
motion  is  produced  in  the  prechamber  during  the  compression  stroke 
by  the  flow  of  air  through  a tangential  throat.  The  swirl 
increases  during  the  compression  stroke,  and  reaches  its  maximum 
a few  degrees  before  Top  Dead  Center  (T.D.C.).  The  swirl  measured 
by  Lyn^^  in  a Comet  Mark  V,  reached  its  maximum  at  7 degrees  before 
T.D.C.  by  using  the  Schlieren  techniques,  and  was  about  twenty-one 
times  the  engine  speed.  The  swirl  helps  to  mix  the  fuel  and  air 
before  the  start  of  combustion  in  the  prechamber.  After  ignition, 
the  flame  moves  toward  the  center  of  the  prechamber  due  to  the 
increase  in  the  buoyant  force  acting  on  the  hot  products  of  com- 
bustion  in  the  centrifuga  field  created  by  the  swirl.  - As  the 
combustion  process  proceeds,  and  the  pressure  increases  in  the 
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swirl  chamber  above  that  in  the  main  chamber,  the  flow  and  the 

swirl  directions  are  reversed.  The  resulting  turbulence  in  the 

swirl  chamber  and  flow  into  the  main  chamber  help  mixing  and 
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combustion.  Nagao  and  Walder  found  that  the  direction  of 

injection  with  respect  to  the  throat  has  a great  effect  on  engine 

21 

performance  and  smoke  emissions.  Bowdon  found  that  in  swirl 
chambers  the  ratio  of  the  heat  released  in  the  prechamber  to  the 
total  heat  released  was  the  same  as  the  ratio  of  the  prechamber 
volume  to  the  total  clearance  volume.  Other  performance  charac- 
teristics of  the  swirl  chamber  may  be  found  in  reference  22. 

In  other  types  of  I.D.I.  engines,  the  volume  of  the  pre- 
chamber and  the  area  of  the  throat  are  smaller  than  in  the  swirl 
type.  In  these  cases,  the  air  motion  is  not  tangential  to  the 
prechamber,  and  the  fuel  is  injected  along  its  axis  toward  the 
connecting  passage.  The  main  turbulence  is  produced  after  the 
start  of  combustion  by  the  flow  of  the  products  from  the  pre- 
chamber into  the  main  chamber  where  the  combustion  is  completed. 
The  number  and  shape  of  the  connecting  passages  affect  the  extent 
of  mixing  of  the  products  from  the  prechamber  and  the  air  in  the 
main  chamber. 

A comparison  between  the  performance  and  smoke  of  three 
different  combustion  chambers  for  light-duty  diesel  engines 
(Daimler  Benz)  is  given  in  Figure  1,  taken  from  Reference  23.  The 
configuration  of  the  three  combustion  chambers  is  given  in  Figure 
2.  Figure  1 shows  that  the  D.I.  engine  has  the  best  fuel  economy 
but  the  highest  smoke.  The  swirl  chamber  has  about  a 5 percent 
advantage  in  fuel  economy  over  the  P.C.  engine  because  of  the 
lower  pumping  losses  between  the  swirl  chamber  and  the  main 
chamber . 

In  a recent  study  by  Middlemis,^  comparisons  were  made  be- 
tween an  I.D.I.  prechamber,  a D.I.  open  chamber  and  a D.I.-  re-en- 
trant chamber.  This  study  showed  that  the  new  re-entrant  cham- 
ber maximum  thermal  efficiency  occurs  at  a more  retarded  injection 
timing  than  the  open  chambers.  This  contributes  to  the  lowering 
of  the  NO  and  smoke  emissions. 
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Reference  23. 


FIGURE  1.  COMPARISON  OF  OUTPUT,  FUEL  CONSUFIPTION  AND  SMOKE  OF 
LIGHT  DUTY  DiRECT  INJECTION  (D.I.},  PRE-CHAMBER  CP • C . ) AND  SWIRL 
CHAMBER  CS.C.) 


SWIRL 

CHAMBER 


PRECHAMBER 


DIRECT 

INJECTION 


Source:  Reference  23. 


FIGURE  2.  DIFFERENT  COMBUSTION  SYSTEMS  FOR  LIGHT-DUTY  DIESEL 
ENGINES  (DIAMLER-BENZ) 
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3. 


DIESEL  ENGINE  OPERATING  CHARACTERISTICS 


3.1  EMISSIONS 

The  concentration  of  the  different  emission  species  in  the 
exhaust  is  the  result  of  their  formation,  and  their  reduction  or 
further  formation  in  the  cylinder  and  exhaust  system.  The 
incomplete  combustion  products  formed  in  the  early  stages  of 
combustion  may  be  oxidized  later  during  the  rest  of  the  combustion 
process  if  they  mix  with  oxidizing  gases  at  a high  enough  tempera- 
ture and  for  the  proper  residence  time.  In  most  cases,  the  NO 
formed  is  not  decomposed,  particularly  in  the  lean  combustion 
zones,  but  NO  may  increase  in  concentration  during  the  rest  of  the 
combustion  process  if  the  temperature  remains  high  or  becomes 
higher.  If  no  further  oxidation  takes  place,  some  decomposition 
may  occur  in  the  NO  formed  in  the  fuel-rich  regions. 

3.1.1  Unburned  Hydrocarbons 

The  unburned  hydrocarbons  in  the  diesel  exhaust  consist  of 
either  original  or  decomposed  fuel  molecules  or  recombined  inter- 
mediate compounds.  A portion  of  these  hydrocarbons  originates  from 
the  lubricating  oil. 

The  hydrocarbon  emissions  in  I.D.I.  engines  are  lower  than  in 
D.I.  engines  because  of  the  more  effective  mixing  which  results 
from  the  flow  of  the  combustion  products  from  the  prechamber  to 
the  main  chamber. 

3.1.2  Carbon  Monoxide 

Carbon  monoxide  is  one  of  the  compounds  formed  during  the 

24 

intermediate  combustion  stages  of  hydrocarbon  fuels.  As  combus- 
tion proceeds  to  completion,  oxidation  of  CO  to  CO2  occurs  through 
recombination  reactions  between  CO  and  the  different  oxidants. 

If  these  recombination  reactions  are  incomplete  due  to  lack  of 
oxidants  or  due  to  low  gas  temperatures,  CO  ivill  be  left  without 
oxidation . 
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Carbon  monoxide  emissions  in  I.D.I.  are  less  than  in  D.I. 


3.1.3  Smoke  and  Other  Particulates 

3. 1.3.1  Types  - Different  types  of  particulates  are  emitted  from 
diesel  engines  under  different  modfes  and  operating  conditions. 
These  particulates  can  be  divided  into  the  following: 

(a)  Liquid  particulates  appear  as  white/blue  clouds  of  vapor 

emitted  under  cold  starting,  idling,  and  low  loads. 

These  consist  mainly  of  fuel  and  a small  portion  of 
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lubricating  oil  emitted  without  combustion;  they  may 
be  accompanied  by  partial  oxidation  products.  The 
white/blue  clouds  disappear  as  the  load  is  increased 
and  the  cylinder  walls  become  warmer. 

(b)  Soot  or  black  smoke  is  emitted  as  a product  of  the 
incomplete  combustion  process,  particularly  at  high 
load  conditions.  The  black  smoke  emissions  consist 

of  irregularly- shaped  agglomerated  fine  carbon  particules 

(c)  Other  particulates  include  lubricating  oil  and  fuel 
additives . 


3. 1.3. 2 Physical  Properties  - The  particles  have  sizes  ranging 
from  0.04  pm  to  30  ym^^.  The  smallest  particles  are  spherical  and 
form  aggregates  to  give  the  wide  distribution  in  the  exhaust.  The 
irregularly  shaped  agglomerated  particles  appear  as  "fluffy  heaps" 
which  are  difficult  to  disperse,  have  a bulk  density  of  0.075  gm/ 
cm^,  and  have  a large  surface- to-volume  ratio  in  the  range  of 
25-50  m^/m^.  Hydrocarbons  can  be  absorbed  on  the  surface. 


3. 1.3. 3 Chemical  Properties  - The  particulates  consist  of  carbon, 

high-molecular-weight  unpyrolized  paraffins,  oxy- , hydroxy-,  and 

carboxy  paraffins,  and  nitrite  and  sulfate  salts.  The  carbon  is  a 

family  of  complex  polybenzenoid  compounds,  always  containing  hydro 
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gen,  or  1-3  percent  by  mass. 
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3.1.4  Nitrogen  Oxides  NO^ 

Most  of  the  nitrogen  oxides  in  the  exhaust  are  in  the  form  of 
nitric  oxide.  Approximately  10  percent  of  the  NO^^-  appear  as  NO2. 
Many  mechanisms  for  NO  formation  in  combustion  systems  have  been 
proposed. The  widely  accepted  mechanism  is  that  of 
Zeldovich"^  shown  in  Equations  (2)  and  (3). 


O2  J 20  (Eq.  1.) 

0 + N^  NO  + N (Eq.  2) 

N + O2  NO  + 0 (Eq.  3) 

N + OH  ^ NO  + H (Eq.  4) 


The  chain  reactions  are  initiated  in  Equation  (2)  by  the  atomic 
oxygen  which  is  formed  from  the  dissociation  of  oxygen  molecules 
at  the  high  temperatures  reached  in  the  combustion  process. 
According  to  this  mechanism,  the  nitrogen  atoms  do  not  start  the 
chain  reaction,  because  their  equilibrium  concentration  during 
the  combustion  process  is  relatively  low  compared  to  the  equili- 
brium concentration  of  atomic  oxygen.  Therefore,  in  diesel  com- 
bustion, the  local  NO  formation  in  the  spray  is  related  to  the 
local  oxygen  atom  concentration.  This  is  a function  of  the  local 
concentration  of  the  oxygen  molecules  and  the  local  temperature. 

In  the  diesel  engine,  NO  is  not  formed  during  the  compression 
stroke,  even  in  very  highly  supercharged  engines,  because  of  the 
relatively  low  temperatures  reached. 

3.1.5  Noise 

One  of  the  objectionable  pollutants  from  many  combustion 
engines,  particularly  diesel  engines,  is  noise.  Diesel  engine 
noise,  therefore,  has  been  subject  to  many  investigations  during 
the  last  few  years  . 

The  major  exciting  forces,  which  set  the  engine  structure  into 
vibration  and  result  in  noise,  are  mainly  produced  from  the  com- 
bustion process.  Other  sources  of  noise  include  the  fuel  injec- 
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tion  system,  air  intake  and  exhaust,  timing  gear,  and  auxiliaries 
such  as  cooling  fan,  supercharger  or  turbocharger,  etc. 

48 

Priede  showed  that  the  exciting  forces  produced  from  the 
cyclic  cylinder  pressure  can  be  expressed  in  terms  of  a frequency 
spectrum  of  the  pressure  diagram  by  using  a Fourier  series.  Priede 
found  that  the  spectrum  of  the  dies.el  engine  may  be  considered  to 
be  composed  of  three  major  parts. The  first  is  a broad  peak  in 
the  low  frequency  range  centered  around  the  fundamental  repetition 
frequency  of  combustion.  Its  magnitude  is  mainly  a function  of 
the  peak  gas  pressure  and  the  width  of  the  pressure  diagram  (at 
2/3  peak  pressure) . The  gasoline  engine  has  the  lowest  peak 
pressure  during  idling  and  shows  the  lowest  level.  The  second 
part  is  a linearly  decaying  part  in  the  acoustically  important 
region  around  1000  Hz  (400-3000  Hz).  The  typical  slope  of  this 
line  for  naturally  aspirated  diesel  engines  is  30  dB/decade.  That 
is,  an  increase  in  engine  noise  of  30  dB  is  expected  from  a ten- 
fold increase  in  engine  speed.  (The  corresponding  increase  for 
S.I.  engines  is  45  dB/decade.)  The  slope  of  this  line  is  a 
function  of  the  rate  of  pressure  rise  after  the  end  of  the  delay 
period.  The  diesel  engine  has  higher  levels  than  the  gasoline 
engine  at  frequencies  above  800  Hz.  These  higher  levels  in  the 
diesel  engine  are  attributed  to  the  high  rate  of  pressure  rise  at 
the  end  of  I.D.  as  compared  to  the  smooth  pressure  rise  in  the 
gasoline  engine  caused  by  the  propagation  of  the  flame  through  the 
premixed  combustible  charge. 

A reduction  in  combustion-generated  noise  in  D.I.  engines  in 
the  critical  midfrequency  range  (400-3000  Hz)  can  be  achieved  by 
shortening  the  ignition  delay  period,  which  results  in  a lower 
rate  of  pressure  rise  and  maximum  pressure,  and  in  a smoother 
pressure  trace.  Among  the  methods  known  to  shorten  the  delay 
period  and  reduce  the  engine  noise  are:  injection  retard,  injec- 

tion rate  modifications,  turbocharging,  increased  compression 
ratio,  the  use  of  pilot  injection,  and  the  use  of  a higher  cetane 
number  fuel.  The  third  part  of  the  spectrum  has  a peak  around  the 
5000  or  6000  Hz  frequency  range.  This  excitation  peak  is  caused 
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by  wave  motion  in  the  combustion  chamber,  which  appears  as 
fluctuations  in  the  pressure  trace  at  the  peak  gas  pressures. 

Tiede  et  al.^^  found  that  these  excitation  levels  take  place  in 
the  5000-10000  Hz  frequency  range  and  that  they  vary  greatly  from 
cycle  to  cycle.  Tiede  concluded  that  at  current  engine  noise 
levels  they  do  not  contribute  significantly  to  overall  noise 
levels . 

Austen  and  Priede^^  found  that  the  different  noise  character- 
istics of  diesel  and  gasoline  engines  are  due  to  differences  in 
excitation  by  different  forms  of  cylinder  pressure,  and  not  due  to 
structural  differences.  In  diesel  engines,  the  sound  pressure 
level  at  no-load  differs  only  slightly  from  that  at  full  load  be- 
cause the  compression  pressure  is  almost  the  same.  In  gasoline 
engines,  where  engine  throttling  is  applied,  the  sound  pressure 
level  at  no-load  is  less  than  that  at  full  load.^^ 

48  49 

Austen  and  Priede  * indicated  that  reduction  in  engine 
noise  can  be  achieved  through  combustion  modification  if  the 
cylinder  pressure  is  above  the  critical  pressure  for  the  engine 
under  consideration.  The  critical  pressure  is  defined  as  the 
pressure  at  which  the  noise  due  to  combustion  has  attained  the  same 
level  as  the  general  mechanical  noise.  If  the  cylinder  pressure 
level  is  below  the  critical  value,  further  smoothing  of  the 
cylinder  pressure  has  a negligible  effect  on  engine  noise.  In 
D.I.  engines,  noise  is  higher  than  in  the  other  types  because  of 
its  higher  maximum  cylinder  pressures  and  rates  of  pressure  rise. 

This  is  shown  in  Figure  3 (from  Reference  23)  for  three  different 
light  duty  diesel  engines. 

22 

Monoghan,  et  al . , indicated  that  the  problem  of  diesel 
noise  could  be  largely  eliminated  if  the  number  of  cylinders  were 
increased  from  four  to  six  or  eight.  Here,  the  idle  noise  would 
be  less  objectionable,  but  would  still  be  very  pronounced  as  com- 
pared with  a gasoline  engine. 

In  addition  to  reducing  noise  at  the  source,  noise  may  be 
reduced  through  structural  modifications  to  the  crankcase, 
cylinder  block  casting,  valve  gear  cover  and  oil  pan^”^  ’ 


16 


UJ 

to 

< 

LlI 

q; 

o 


O' 

(U 

•D 


- < 
UJ  o 

to  >- 
to  O 

UJ 

q: 

0. 


TL.^ — ^ 

1 

— 

1 

1 

i 

J 

1 - . 

_j 

Dl 


PC. 


1000  2000  3000 

r.p  m 


4000  4500 


1000  2000  3000  4000  4500 

r p m 


Source:  Reference  23. 


FIGURE  3.  COMPARISON  BETWEEN  THE  PEAK  PRESSURE  AND  THE  RATE  OF 
INCREASE  IN  PRESSURE  DUE  TO  COMBUSTION  IN  THE  DIRECT  INJECTION  CD-I-), 
SWIRL  CHAMBER  CS.C.),  AND  PRE-CHAMBER  CP.C.)  AUTOMOBILE  ENGINES 
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or  through  enclosing  the  engine.  ^ 

Kithara  et  al.^^  made  an  analysis  of  sound  powers  as  a per- 
centage of  total  engine  noise  for  each  noise  source  in  an  S.C. 

(swirl  chamber)  engine  and  a D.I.  engine,  as  shown  in  Figure  4. 

For  the  S.C.  engine,  combustion  noise  accounts  for  60-70  percent 
of  the  noise  at  low  speeds,  and  mecTianical  noise  is  predominant  at 
high  speeds.  Meanwhile,  for  the  D.I.  engine,  combustion  accounts 
for  70-80  percent  of  the  total  noise  over  the  entire  r.p.m.  range. 
Kithara  reported  that  since  mechanical  noise  in  the  main  source  of 
noise  in  the  S.C.  engine,  the  closed  shielding  of  the  cylinder 
body  and  oil  pan  have  been  very  effective  in  noise  reduction. 
Meanwhile,  it  was  necessary  to  retard  the  timing  of  the  D.I.  engine 
in  addition  to  providing  oil  pan  shielding  to  reduce  its  noise 
effectively. 

3.1.6  Odor 

Odor  is  one  of  the  diesel  engine's  nuisance  type  pollutants 

which  the  public  finds  objectionable.  It  has  been  the  subject 

of  many  investigations  during  the  last  few  years,  particularly 
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as  it  relates  to  odor-producing  species  and  instrumentation.  ’ 
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A review  of  diesel  odor  research  was  made  by  Savery  et  al . 

Diesel  exhaust  odor  can  be  divided  into  two  characteristic 

types:  oily-kerosene  and  smoky-burnt.  The  concentration  of  the 

odor  producing  species  in  diesel  exhaust  is  very  small. Early 

research  was  directed  toward  identifying  the  individual  odorous 

59 

species.  Kendall  et  al.  found  that  groups  of  similar  compon- 
ents, rather  than  individual  species,  contribute  to  the  character- 
istic diesel  exhaust  odor,  Spindt,  et  al.^^  identified  many 
mono-  and  poly-oxygenated  partial  oxidation  products  and  certain 
fuel  fractions  as  being  the  odor -producing  compounds.  The  DOAS^^ 
(Diesel  Odor  Analysis  System)  developed  by  Arthur  D.  Little,  Inc., 
is  based  on  the  fact  that  two  groups  of  compounds  produce  odor. 

The  first  group  of  aromatics  such  as  alkyl  benzenes,  indenes , 

:ndans,  tetralins,  napthalenes  and  etc.  The  second  is  a group  of 
oxgenates . 
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According  to  Reference  53,  the  principal  components  respons- 
ible for  the  characteristic  oil-kerosene  portion  of  diesel  exhaust 
odor  are  alkyl  benezenes,  indans,  tetralins  and  indenes.  The 
contribution  of  the  alkyl  napthalenes,  which  constitute  a major 
portion  of  the  mass  of  the  oil-kerosene  fraction,  to  odor  per- 
ception may  be  through  a synergist i-c  effect.  The  unburned  fuel 
in  the  exhaust  is  very  likely  to  contribute  heavily  to  the  oily- 
kerosene  odor. 

Somers  and  Kittredge^^  indicated  that  alkyl-substituted 

benezene  and  napthalene  type  compounds  have  been  related  to  the 

oily-kerosene  odor  quality,  and  that  oxygenated  aromatic  structures 

have  been  related  to  the  smoky-burnt  odor  quality.  O'Donnell  and 
54 

Dravnieks  found  from  mass  spectral  data  that  in  addition  to  the 

partial  oxidation  of  hydrocarbon  compounds,  sulfur  species  are 

among  the  important  odor  contributors.  Later  work^^  indicates 

that  sulfur  compounds  in  the  fuel  are  not  important  odor  contri- 

64 

butors.  Padrta  and  Samson  observed  that  oxides  of  nitrogen 
contribute  to  diesel  odor,  but  were  not  the  true  culprits. 

Odor  intensities  are  high  at  no  load  and  full  load,^^  are 

similar  for  2-stroke  and  4-stroke  engines, decrease  with  lowered 
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aromatic  content  of  the  fuel,  and  can  be  reduced  by  use  of 

catalytic  reactors . Data  published  by  Merrion^^  showed  that 

the  odor  intensity  was  not  affected  by  engine  speed,  increased 

with  increased  load,  and  decreased  improved  design  of  the 
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injection  system.  Rounds  and  Pearsall,  and  Merrion^  also 
suggested  that  there  may  be  some  weak  correlation  between  formal- 
dehyde emissions  and  odor  intensity.  Some  experiments  were  made 

in  an  effort  to  identify  the  mechanism  by  which  the  odorous  com- 
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pounds  are  formed  in  the  combustion  processes.  Barnes  found 
that  large  differences  in  exhaust  odor  intensity  were  achieved  with 
the  same  fuel  by  altering  the  intake  atmosphere  conditions  on  an 
experimental  engine.  A single  cylinder,  4-stroke  cycle  diesel 
engine  was  employed  using  n-heptane  as  a fuel.  The  artifical 
atmospheres  supplied  to  the  engine  were  comprised  of  air  or  of 
oxygen  plus  an  inert  gas  (argon,  helium,  nitrogen,  and  carbon 
dioxide) . These  mixtures  of  inert  gases  and  oxygen  have  different 
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lean  ignitability  limits.  Barnes  found  that  there  is  a correlation 
between  the  odor  levels  and  the  lean  flammability  limits,  LFL. 

The  LFL  ratio  is  defined  as  the  ratio  of  percentage  of  fuel  by 
volume  at  the  LFL  with  the  mixture  to  the  percentage  with  air. 

An  LFL  ratio  more  than  unity  means  that  the  fuel/oxidizer  ratio 
is  richer  at  the  LFL  than  in  air.  Barnes^  concluded  that  for 
such  mixtures,  a larger  portion  of  the  injected  fuel  would  be  too 
lean  to  burn  and  would  be  partially  oxidized.  He  observed  that 
this  was  particularly  true  at  idling  and  light  loads. 

3.1.7  Startabil i ty 

I.D.I.  diesel  engines  which  are  used  in  passenger  cars  and 
other  light  duty  applications  are  more  difficult  to  start  than 
D.I.  engines.  However,  they  lend  themselves  to  the  use  of  glow 
plugs  to  heat  the  air  and  fuel  in  the  prechamber.  Because  the 
glow  plug  should  reach  a high  temperature  before  cranking  the 
engine,  there  is  some  delay  in  starting.  The  development  of  high 
intensity  glow  plugs  can  help  to  reduce  the  starting  delay. 

3.2  L0l\[  POWEH-WEIGET  RATIO 

The  low  power/weight  ratio  causes  the  diesel  powered  car  to 
take  a longer  time  for  acceleration.  The  diesel  engine  produces 
less  maximum  power  than  a gasoline  engine  of  equal  displacement 
for  two  reasons.  First,  the  overall  fuel-air  ratio  in  the  diesel 
is  always  leaner  than  the  stoichiometric  ratio.  The  limit  to  the 
increase  in  fuel-air  ratio  is  smoke  production.  Second,  the 
maximum  rated  speeds  in  diesel  engines  are  less  than  in  gasoline 
engines.  The  limit  here  is  the  short  time  allowed  for  fuel  injec- 
tion, evaporation,  mixing  and  combustion  for  proper  engine  opera- 
tion at  higher  speeds.  Mechanical  stress  considerations  also  limit 
the  speed  of  the  diesel  engine.  In  addition  to  the  larger 
displacement  for  the  same  power  output,  the  components  of  the 
diesel  engine  are  heavier  than  the  corresponding  ones  in  the 
gasoline  engine. 
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4.  EMISSION  CONTROL  PARAMETERS 


Many  problems  are  encountered  in  controlling  the  emissions 
from  any  combustion  engine,  because  the  controls  must  simultan- 
eously reduce  the  emission  of  more  than  one  pollutant  into  the 
atmosphere.  Unfortunately,  many  controls  which  reduce  the  concen- 
tration of  the  incomplete  combustion  products  such  as  hydrocarbons, 
carbon  monoxide,  and  particulates  cause  an  increase  in  NO  : NO 

is  a product  of  an  efficient  combustion  process.  The  problem  is 
difficult  for  the  diesel  engine  because  many  of  these  controls 
(particularly  for  N0„)  reduce  the  fuel  economy,  which  is  a major 

X 

attraction  for  the  diesel  engine.  The  emission  control  may  be 
achieved  by  modifying  the  combustion  process,  after  treatment  or 
fuel  additives. 

4.1  COMBUSTION  MODIFICATION 

4.1.1  Injection  Timing 

Retarding  the  injection  timing  is  very  effective  in  reducing 

2 0 

the  NO  emissions  in  both  D.I.  and  I.D.I.  engines.  Walder 

X 

compared  the  effect  of  injection  timing  on  NO,  smoke  and  fuel 

economy  in  a D.I.  and  in  a swirl  chamber  engine.  Figure  5 indicates 

that,  at  a sacrifice  in  fuel  economy,  the  swirl  chamber  produces 

less  NO  and  smoke  than  the  D.I.  engine.  Solid  particulate 

emissions  increase  with  injection  retard  in  the  D.I.  engine,  but 

they  can  be  reduced  by  increasing  the  injection  pressures  and 

by  setting  the  timing  other  than  T.D.C.  in  the  swirl  chamber 

71 

engine.  Pischinger  found  that  hydrocarbons  increased  in  D.I. 

and  I.D.I.  engines  when  injection  was  retarded.  This  effect  was 

more  pronounced  in  D.I.  than  in  I.D.I.  engines.  In  some  cases, 

52 

Springer  and  Dietzmann  found  that  retarding  the  injection  timing 

in  a D.I.  engine  had  no  apparent  effect  on  odor  or  CO  and 

increased  the  unburned  hydrocarbons.  In  another  D.I.  research 
71 

engine  , retarding  the  timing  beyond  the  best  economy  point 

7 2 

increased  the  CO  and  smoke.  V.W.  results  show  that  when  the 
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FIGURE  5.  COMPARISON  BETWEEN  SMOKE  NOx  AND  FUEL  ECONOMY 
ON  DIRECT  INJECTION  (D.I.)  AND  INDIRECT'  INJECTION' (I . D . I) 
SWIRL  CHAMBER  ENGINES 


23 


BOSCH  SMOKE  NO 


injection  timing  is  retarded,  composite  fuel  economy  is  reduced, 
and  the  HC  and  CO  composite  emissions  are  increased. 

4.1.2  Water  Addition 

This  section  discusses  the  effect  of  water  addition  on 
emissions  for  direct  CD.I.)  and  indirect  CI.D.I.)  injection  diesels. 

4. 1.2.1  D . I . Engines  - Adding  water  changes  the  lean  ignition 

limit  and  increases  the  hydrocarbon  and  CO  formation.  It  also 

reduces  the  oxidation  reactions  due  to  the  drop  in  the  maximum 

temperatures,  which  increases  in  the  hydrocarbon  and  CO  emissions. 

Increasing  inlet  air  humidity  in  a D.I.  engine  was  found  by 

52 

Springer  and  Dietzmann  to  reduce  NO  significantly  and  to  increase 
smoke.  Its  effect  on  hydrocarbons  and  CO  was  minor  except  at  full 
load. 

73 

Valdmanis  and  Wulfhorst  compared  the  effect  of  introducing 
water  in  the  fuel  as  an  emulsion  to  water  introduced  with  the 
intake  air  in  a D.I.  engine.  As  the  ratio  of  water  to  fuel 
increased,  the  I.D.  increased  and  injection  had  to  be  advanced  to 
obtain  peak  power.  These  requirements  were  greater  with  the  emul- 
sified fuel  than  with  induced  water.  It  seems  that  the  NO 
emissions  in  these  tests  were  affected  by  two  factors:  the  effect 

of  water  on  reducing  the  maximum  temperatures  and  oxygen  concen- 
tration, and  the  effect  of  injection  advance  on  the  maximum  temper- 
atures reached.  These  two  factors  resulted  in  an  increase  in  NO 
emissions  with  the  emulsified  fuel  and  a decrease  in  NO  emissions 
with  the  i.nduced  water. 

The  combined  effects  of  water  addition  and  injection  advance 
(for  optimum  power)  in  Valdmanis’  tests  affected  the  other 
emissions  in  different  ways.  It  resulted  in  a reduction  in  smoke 
and  in  an  increase  in  unburned  hydrocarbon  emissions. 


4. 1.2. 2 I . D . I Engines  - The  effect  of  inlet  manifold  water 

injection  on  a swirl  type  I.D.I.  engine,  Comet  V,  was  studied  by 
74 

Torpey  et  al.  They  found  that  water  injection  decreased  the  NO 
and  had  virtually  no  effect  on  the  CO  and  hydrocarbon  emissions, 
except  at  full  load  where  they  increased. 

4.1.3  Exhaust  Gas  Recirculation 

The  reduction  in  NO  emissions  in  diesel  engines  by  exhaust 

gas  recirculation  (EGR)  is  believed  to  be  due  to  the  increase  in 

the  heat  capacity  of  the  charge,  as  has  been  found  in  gasoline 
7 5 7 6 

engines.  * EGR  affects  the  combustion  and  emissions  in  the 
D.I.  and  I.D.I.  engines  in  a manner  similar  to  water  injection. 

The  effect  of  percentage  EGR  on  the  NO,  smoke,  unburned  hydro- 
carbon, and  CO  emissions  and  on  fuel  consumption  for  a D.I.  engine 

7 1 

has  been  studied  by  Pischinger  et  al.  and  is  shown  in  Figure  6, 

This  figure  shows  that  the  hydrocarbons  and  NOx  decrease  with 

increases  in  EGR.  The  CO  decreases  with  the  increase  in  EGR  to 

a point  after  which  any  increase  in  EGR  results  in  an  increase  in 

CO.  Smoke  increases  slightly  with  increases  in  EGR  at  no  load, 

but  at  an  increasing  rate  at  part  load.  Similar  effects  of  EGR 

20 

on  reducing  the  NO  emissions  have  been  observed  by  Walder  and 

7 7 

by  Abthoff  and  Luther  in  two  types  of  I.D.I.  engines. 

Tests  on  automotive  prechamber  engines  showed  that  EGR 
effects  NO  and  the  other  emissions  at  various  loads  in  different 
ways.^^  These  tests  show  that  increasing  EGR  reduces  NO^  with 
little  effect  on  hydrocarbons  and  CO  up  to  EGR  values  of  20  per- 
cent, where  NO^  is  reduced  by  about  20  percent  at  low-load  and 
30  percent  at  the  higher  load.  Increasing  EGR  above  20  percent 
results  in  an  increase  in  hydrocarbon  and  CO  emissions.  Smoke 
starts  to  increase  sharply  at  40  percent  EGR  at  light-load  and 
at  25  percent  EGR  at  the  higher  load.  These  results  indicate 
that  to  achieve  low  NO  emissions  without  increasing  the  other 
pollutants,  the  amount  of  EGR  should  be  optimized  and_  decreased 
as  the  engine  load  increases. 
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7 2 

Recent  results  reported  by  V.W.  showed  that  EGR  increases 
smoke,  particulates,  and  odor,  and  results  in  poor  driveability, 
durability  and  maintenance. 

4.1.4  Turbocharging  and  Turbocharging- Intercooling 

Turbocharging- intercool ing  tends  to  reduce  NO  emissions 

slightly.  If  combined  with  EGR,  it  will  greatly  reduce  NO 

emissions,  produce  more  power  without  increasing  hydrocarbons, 

CO  or  smoke,  and  improve  fuel  economy.  To  avoid  the  high  peak 

pressures  caused  by  turbocharging,  the  compression  ratio  may  be 

2 

reduced  but  this  would  produce  cold  startability  problems. 

7 8 

Parker  and  Walker  found  that  combining  turbocharging- inter- 
cooling with  retarded  timing  increases  the  power  and  lowers  the 
emissions  index  slightly. 

7 2 

V.W.  reported  that  turbocharging  offers  definite  advantages 
in  terms  of  fuel  economy,  emissions,  noise,  and  vehicle  packaging. 

4.1.5  Compression  Ratio 

Tests  on  various  compression  ratios  in  I.D.I.  engines  were 
made  by  Torpey  et  al.  They  reported  that  increasing  the 
compression  ratio  resulted  in  lower  emission  levels  and  lower 
noise  (particularly  at  retarded  timings) , and  in  slightly  better 
brake  thermal  efficiency  and  power  output.  Reducing  the  compres- 
sion ratio  increased  noise,  gave  difficult  starting,  and  increased 
the  hydrocarbon  emissions  at  light  load.  In  a D.I.  experimental 

single  cylinder  engine,  reducing  the  compression  ratio  reduced 

79 

NO,  but  increased  smoke. 

4.1.6  Pilot  Injection 

Pilot  injection  is  an  effective  way  to  reduce  the  ignition 

delay  and  high  rates  of  pressure  rise  at  the  start  of  injection. 

This  results  in  lower  NO  and  noise,  but  in  high  hydrocarbon 
2 0 

emissions . 


4.1.7  Fumigation 

Similar  to  pilot  injection,  fumigation  decreases  the  ignition 
delay,  NO  and  noise,  but  produces  higher  hydrocarbon  emissions. 

4.1.8  Combustion  Chamber  Design 

Because  of  the  better  fuel  economy  and  lower  thermal  loading 

of  the  D.I.  engine,  some  new  approaches  in  the  design  of  its 

combustion  chamber  have  recently  been  reported.  The  first 

approach  is  to  change  the  geometry  of  the  bowl  in  the  piston  top. 

8 0 

In  the  design  by  Bertodo  et  al.,  most  of  the  clearance  volume 

is  in  the  form  of  a flat-bottomed  bowl,  and  has  a narrow  throat. 

Bertodo  et  al.  feel  that  with  this  design  they  can  achieve  better 

71 

mixing  and  fast  diffusion  burning.  Pischinger  found  that  by 
increasing  the  combustion  bowl  diameter,  and  with  correct  nozzle 
design  and  proper  quality  control  in  nozzle  manufacture,  the  high 
hydrocarbons  which  are  emitted  during  high  speed  idling  can  be 
reduced . 

The  second  approach  is  reported  by  Kihara  et  al.^^  in  which 
a square  toroidal  combustion  chamber  is  used  in  medium  duty 
engines  instead  of  the  conventional  round  toroidal  chamber.  The 
advantages  of  this  design  as  reported  by  Kihara  et  al.  are  a 
reduction  in  engine  noise  and  the  ability  to  retard  injection 
timing  without  producing  the  increase  in  smoke  common  to  the 
round  chamber  design. 

4.1.9  Electronic  Controlled  Fuel  Injection 

Electronic  fuel  injection  is  used  to  improve  control  of  the 
injection  process,  to  increase  the  thermal  efficiency  of  the 
diesel  engine,  and  to  eliminate  secondary  and  irregular  fuel 
injection. This  promises  to  be  an  effective  tool  to  control 
diesel  combustion  and  deserves  further  research  and  development. 
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4.2  AFTER  TREATMENT 

Most  of  the  exhaust  catalytic  treatment  devices  have  been  used 
in  diesel  engines  operating  in  mines.  Marshall  et  al.^^  reported 
that  four  catalysts  varied  widely  in  oxidation  efficiency  at  light 
to  intermediate  engine  loads,  but  that  all  were  very  effective  in 
reducing  emissions  of  CO,  HC , aldehydes,  and  odor  intensity  at 
heavy  loads  (engine  operating  modes  resulting  in  high  exhaust 
temperatures).  They  found  that  particulate  loading,  particulate 
size,  and  NO  emissions  were  generally  unaffected  by  any  of  the 
four  catalysts.  However,  the  catalyst  increased  the  sulfate 
emissions.  The  exhaust  treatment  techniques  used  to  reduce  NO  in 
gasoline  automobile  engines  employ  a catalyst  in  the  presence  of 
CO.  ’ These  techniques  are  not  effective  in  diesel  engines 
because  of  the  presence  of  excess  oxygen  in  the  exhaust,  even  under 
full  load  conditions. 

4.3  FUEL  MODIFICATION 

4.3.1  Fuel  Additives 

Nitrogen- containing  fuel  additives  are  sometimes  used  to 
increase  the  cetane  number  of  the  fuel  or  to  control  carbonyl- 
compound  and  CO  exhaust  emissions.  McCreath  found  that  the 
additives  which  decrease  the  ignition  delay  also  decrease  the 
NO  emissions,  and  vice  versa.  The  decrease  in  the  ignition  delay 

X 

allows  less  fuel  to  evaporate  and  mix  with  the  air  before  the 
start  of  combustion.  In  the  case  of  nitromethane , the  increase 
in  the  NO  yield  appears  to  be  chemically  motivated  by  products 
of  additive  decomposition  rather  than  physically  altered  by  changes 
in  the  ignition  delay.  Some  metallic  fuel  additives  may  reduce 
NO  while  causing  the  emission  of  harmful  particulates. 

4.3.2  Dual-Fuel  Operation 

Fuels  other  than  the  regular  diesel  fuel  can  be  introduced 
into  the  engine  as  carbureted  with  the  intake  air,  or  as  an 
emulsion  with  the  fuel.  The  dual-fuel  operation  of  the  automotive 


29 


diesel  engine  is  still  in  the  very  early  stages  of  research.  The 

use  of  carbureted  gas  and  pilot  diesel  fuel  injection  has  been 

8 5 

known  for  many  decades.  It  has  been  found  to  reduce  the  exhaust 

8 6 

smoke.  More  recently,  Bro  and  Pederson  reported  the  results 
of  an  experimental  investigation  of  methanol,  ethanol,  methane 
and  ammonia  as  primary  fuels  carbureted  in  a high  speed  D.I. 
diesel  engine.  Combustion  was  achieved  by  injecting  a small 
amount  of  pilot  diesel  fuel.  The  emission  of  smoke  was  reduced, 
but  the  emission  of  unburned  fuel  (hydrocarbons  and/or  ammonia) 
was  increased.  The  emission  of  NO  increased  moderately  using 
ethanol  and  ammonia,  while  methane  gave  a nearly  5-fold  increase 
near  the  Stoichiometric  mixture,  and  methanol  gave  a somewhat 
lower  emission. 


\ 


30 


REFERENCES 


1.  Dent,  J.C.  and  Durham,  J.A.,  Proc.  Inst.  Mech.  Engrs . 188, 

21/74,  269-280  (1974). 

2.  Middlemiss,  I.D.,  ’’Characteristics  of  the  Perkins  ’Squish  Lip’ 
Direct  Injection  Combustion  System,”  SAE  paper  780113,  Detroit, 
Michigan,  Feb.  27  - March  3,  1978. 

3.  List,  H.  , ’’Inlet  Port  for  Internal  Combustion  Engines,”  German 
Patent  Office,  Disclosure  document  no.  2-308-327,  Oct.  1973, 
Ricardo  Translation  No.  357. 

4.  Watts,  R.  and  Scott,  W.M. , ’’Air  Motion  and  Fuel  Distribution 
Requirements  in  High-speed  Direct-injection  Diesel  Engines,” 
Diesel  Engine  Combustion  Symposium,  pp . 167-177,  Institute 
of  Mechanical  Engineers,  London,  April  1970. 

5.  Vanderpoel,  R.E. , Rife,  J.M.  and  Rogowski,  A.R.,  ’’More  Efficient 
Combustion  in  Small  Open  Chamber  Diesel  Engines,”  SAE  paper 
720775-  1972. 

6.  Melton,  R.B.,  Jr.  and  A.R.  Rogowski,  J.  Engng  Power,  Trans. 

ASME  Jan.  (1972j. 

7.  Schmidt,  F.A.F.,  ’’The  Internal  Combustion  Engine,”  translated 
by  R.W.S.  Mitchell  and  J.  Horne,  Chapman  § Hall,  London,  1965. 

8.  Savery,  W.C.,  and  Borman,  G.L.,  ’’Experiments  on  Droplet 
Vaporization  at  Supercritical  Pressures,”  presented  to  ATAA 
8th  Aerospace  Sciences  Meeting,  New  York,  Jan.  1970. 

9.  Hiroyasu,  H. , and  Kadota,  T.,  JSME  C1972). 

10.  Newman,  J.A.  and  Brzustowski,  T.A.,  AIAA  J19,  8 C1971j . 

11.  Allison,  C.B.,  Canada,  G.S.  and  Faeth,  G.M.,  1972  Annual 
Report  on  the  Investigation  of  Critical  Burning  of  Fuel 
Droplets,  NASA  CR-121112,  1972. 

12.  Maxwell,  J.B.,  Data  Book  on  Hydrocarbons,  Van  Nostrand, 

New  York,  1950. 


31 


13.  Lamb,  G.G.,  "Vaporization  and  Combustion  o£  Multi-component 
Fuel  Droplets,"  Semi-Annual  Progress  Report,  Project  Squid, 
April  1,  1953. 

14.  Henein,  N.A.  and  Bolt,  J.A. , "Kinetic  Considerations  in  the 
Autoignition  and  Combustion  of.  Fuel  Sprays  in  Swirling  Air," 
Transactions  CIMAC  9th  International  Congress  on  Combustion 
Engines,  Stockholm,  Sweden,  paper  A-7,  pp . 1-36,  1971.  Also, 
ASME  publication  72-DGP-8,  1972. 

15.  Borman,  G.L.,  and  Voiculescu,  I. A.,  "An  Experimental  Study  of 
Diesel  Engine  Cylinder  Averaged  NO  Histories,"  SAE  paper 
780228,  SAE  Congress,  Detroit,  1978. 

16.  Austen,  A.E.W.  and  Priede,  T.,  "Noise  of  Automotive  Diesel 

Engines:  Its  causes  and  reduction,"  SAE  International 

Automotive  Engineering  Congress,  paper  lOOOA,  Detroit, 

Michigan,  January,  1965. 

17.  Lyn,  W.T.  and  Valdmanis , E.,  J.  Photogr.  Sci.  10  C1962) . 

18.  Lewis,  G.D.,  Thirteenth  Symposium  (International j on 
Combustion,  pp . 625-629,  The  Combustion  Institute,  1971. 

19.  Nagao,  F.  and  Kakimoto,  Hu.,  SAE  Trans.  70,  680-699  (1962). 

20.  Walder,  C.J.,  "Reduction  of  Emissions  from  Diesel  Engines," 

SAE  International  Automotive  Engineering  Congress,  Detroit, 
Michigan,  paper  730214,  January  1973. 

21.  Bowdon,  C.M.,  Samage,  B.S.  and  Lyn,  W.T.,  "Rate  of  Heat 
Release  in  High  Speed  Indirect -inj ection  Diesel  Engine," 
paper  12,  pp.  108-115,  Diesel  Engine  Combustion  Symposium, 
Institute  of  Mechanical  Engineers,  London,  April  1970. 

22.  Monoghan,  M.L.,  French,  C.C.J.  and  Freese,  R.G.,  "A  Study  of 
the  Diesel  as  a Light-duty  Power  Plant,"  Report  by  Ricardo  § 
Company  Engineers  Ltd.  to  EPA,  EPA-460/3-74-011 , 1974. 

23.  Statement  by  Daimler-Benz  before  the  Subcommittee  on  Air  and 
Water  Pollution,  Committee  on  Public  Works,  United  States 
Senate,  Ninety-Third  Congress,  First  Session,  May  14,  17,  18 
and  21,  1973,  Serial  No.  93-H9,  U.S.  Government  Printing  Office, 
Washington,  D.C.,  1973. 


32 


24.  Fristrom,  R.M.  and  Westenberg,  A.A. , Flame  Structure, 
McGraw-Hill,  New  York,  1965. 

25.  Spiers,  J.  a d Vulliamy,  ’’Diesel  Engine  Smoke  and  Pollutants, 
Diesel  Engineers  and  Users  Association,  Publication  342,  1971 

26.  DeCorson,  S.M.,  Hussey,  C.E.  and  Ambrose,  M.J.,  ’’Smokeless 
Combustion  in  Oil-burning  Gas  Turbine,”  paper  presented  at 
Combustion  Institute,  Central  States  Sect.,  March  26,  1968. 

27.  ’’Study  of  Constitution  and  Deposition  Behavior  of  Diesel 
Engine  Smoke,”  Final  Report  by  Institute  of  Sound  and 
Vibration  Research,  Univ.  of  Southampton,  S.R.C.  Grant 
B/RG/3206.8,  ISVR  Contract  Report  No.  77/15,  July  1977. 

28.  Broome,  D. , and  Khan,  I.,  ’’The  Mechanism  of  Soot  Release  from 
Combustion  of  Hydrocarbon  Fuels,”  from  ’’Air  Pollution  Control 
in  Transport  Engines,”  p.  185,  Institution  of  Mech.  Eng., 
London,  1971. 

29.  Battigelli,  M.C.,  ’’Air  Pollution  from  Diesel  Exhaust,” 

J.  Occup.  Med.  Vol.  5,  P54  (1963). 

30.  Battigelli,  M.C.,  Manella,  R.J.,  and  Hatch,  T.F., 
’’Environmental  and  Clinical  Investigation  of  Iforkmen  Exposed 
to  Diesel  Exhaust  in  Railroad  Houses,”  Indust.  Med.  Surg. 

Vol.  33,  pp.  121-124,  1964. 

31.  Battegelli,  M. C .,  ’’Effects  of  Diesel  Exhaust  on  Human 
Respiratory  Mechanisms,”  Arch.  Environ  Health,  Vol.  10,  pp . 
165-167  (1965). 

32.  Zeldovich,  Ya.  B.,  Sadovnikov,  P.  Ya.  and  Frank-Kamenetskii , 
D.A.,  ’’Oxidation  of  Nitrogen  in  Combustion,”  Academy  of 
Sciences,  USSR,  Moscow-Leningrad,  1947. 

33.  Eyzat,  P.  and  Guibet,  J.C.,  ”A  New  Look  at  Nitrogen  Oxides 
Formation  in  Internal  Combustion  Engines,”  paper  680124, 
presented  at  SAE  Automotive  Engineering,  Congress,  Detroit, 
Michigan,  January  1968. 

34.  Heywood,  J.B.,  Fay,  J.A.  and  Linden,  L.H.,  ”Jet  Aircraft 
Pollutant  Production  and  Dispersion,”  AIAA  paper  70-115,  1970 


33 


35.  Lavoie,  G.A.,  Heywood,  J.B.  and  Keck,  J.C.,  Combust.  Sci. 
Technol.  313-326  (1970). 

36.  Newhall,  H.K.  a d Shahed,  S.M.,  "Kinetics  of  Nitric  Oxide 
Formation  in  High  Pressure  Flames,"  Thirteenth  Symposium 
(International)  on  Combustion , -pp . 381-389,  The  Combustion 
Institute,  1970. 

37.  Russel,  M.F.,  "Reduction  of  Noise  Emissions  from  Diesel 
Engine  Surfaces,"  SAE  Automotive  Engineering  Congress,  Detroit, 
Mighigan,  paper  720135,  January  1972. 

38.  Russell,  M.F.,  "Automotive  Diesel  Engine  Noise  and  Its  Control," 
SAE  International  Automotive  Engineering  Congress,  Detroit, 
Michigan,  paper  730243,  January  1973. 

39.  Staadt,  R.L.,  "Less  Noise  from  Diesel  Trucks,"  SAE  West  Coast 
Meeting,  Portland,  Oregon,  paper  730712,  August  1973. 

40.  Coates,  S.W.  and  Blair,  C.P.,  "Further  Studies  of  Noise 
Characteristics  of  Internal  Combustion  Engine  Exhaust  Systems," 
SAE  National  Combined  Farm,  Construction  § Industrial 
Machinery  and  Powerplant  Meetings.  Milwaukee,  Wisconsin, 
paper  740713,  September  1974. 

41.  Tiede,  D.D.  and  Kabele,  D.F.,  "Diesel  Engine  Noise  Reduction 
by  Combustion  and  Structural  Modifications,"  SAE  International 
Automotive  Engineering  Congress,  Detroit,  Jlichigan,  paper 
730245,  January  1973. 

42.  Scott,  N.M. , "Noise  of  Small  Indirect  Injection  Diesel  Engines," 
SAE  International  Automotive  Engineering  Congress,  Detroit, 
Michigan,  paper  730242,  January  1973. 

43.  Jenkins,  S.H.,  Lalor,  N.  and  Crover,  E.C.,  "Design  Aspects  of 
Low-noise  Diesel  Engines,"  SAE  International  Automotive 
Engineering  Congress,  Detroit,  Michigan,  paper  730246, 

January  1973. 

44.  Law,  R.M. , "Diesel  Engine  and  Highway  Truck  Noise  Jleduction , " 

SAE  International  Automotive  Engineering  Congress,  Detroit, 
Michigan,  paper  730240,  January  1973. 


34 


45.  Anderton,  D.  and  Baker,  J.,  ’’Influence  of  Operating  Cycle  on 
Noise  of  Diesel  Engines,”  SAE  International  Automotive 
Engineering  Congress,  Detroit,  Michigan,  paper  730241, 

January  1973. 

46.  Thien,  G.E.,  ’’The  Use  of  Specially  Designed  Covers  and  Shields 
to  Reduce  Diesel  Engine  Noise,”  SAE  International  Engineering 
Congress,  Detroit,  Michigan,  paper  730244,  January  1973. 

47.  Priede,  T.,  Grover,  E.C.  and  Anderton,  D.,  ’’Combustion  Induced 
Noise  in  Diesel  Engines,”  Diesel  Engineers  and  Users 
Association,  Publication  317,  March  1968. 

48.  Priede,  T.,  ’’Relations  Between  Form  of  Cylinder  Pressure 
Diagram  and  Noise  in  Diesel  Engines,”  Four  papers  on  diesel 
engine  fuel  injection,  combustion,  and  noise.  Proc.  Inst. 

Mech.  Engrs.  (A.D.)  (1960-61). 

49.  Austen,  A.E.W.  and  Priede,  T.,  ’’Origins  of  Diesel  Engine  Noise, 
Symposium  on  Engine  Noise  and  Noise  Suppression,  Vol.  19, 
Institute  of  Mechanical  Engineers,  London,  1958.  Also,  SAE 
paper,  presented  October  1959. 

50.  Kihara,  R. , Yamaguchi,  T.  and  Mikami , Y.,  ’’Dieselization  of 
Light  and  Medium  Duty  Commercial  Vehicles  in  Japan,”  SAE  Truck 
Meeting,  Troy,  Michigan,  paper  741126,  November  4-7,  1974. 

51.  Stahman,  R.C.,  Kittredge,  G.D.  and  Springer,  K.J.,  ’’Smoke  and 
Odor  Control  for  Diesel  Powered  Trucks  and  Buses,”  SAE  paper 
680443,  1968. 

52.  Springer,  K.J.  and  Dietzmann,  H.E.,  ”An  Investigation  of  Diesel 
powered  Vehicle  Odor  and  Smoke,”  Part  IV,  Southwest  Research 
Institute,  San  Antonio,  Texas,  Final  Report  AR-802,  April  1971. 

53.  ’’Chemical  Identification  of  the  Odor  Components  in  Diesel 

Engine  Exhaust,”  Arthur  D.  Little,  Inc.,  Final  Report  to  CRC 
and  NAPCA,  C-71407,  C-71475,  CRC  Project:  CAPE-7-68  (1-69), 

HEW  Contract  No.  CPA  22-69-63,  June  1970. 


35 


54.  O'Donnell,  A.  and  Dravnieks,  A.,  "Chemical  Species  in  Engine 
Exhaust  and  Their  Contributions  to  Exhaust  Odors,"  IIT  Research 
Institute,  Chicago,  ILL.,  Report  No.  IITRI  C61S3-5,  Nov.  1970. 

55.  Somers,  J.H.  and  Kittredge,  G.D.,  "Review  of  Federally 
Sponsored  Research  on  Diesel  Exhaust  Odors,"  ERA,  Ann  Arbor, 
Michigan,  Report  No.  71-75,  for  presentation  at  the  65th 
Annual  Meeting  of  the  Air  Pollution  Control  Association, 
Atlantic  City,  N. J. , June  27  - July  2,  1971. 

56.  Spindt,  R.S.,  Barnes,  G.J.  and  Somers,  J.H.,  "The  Character- 
ization of  Odor  Components  in  Diesel  Exhaust  Gas,”  SAE  paper 
710605,  1971. 

57.  Stahman,  R.C.  and  Springer,  K.J. , "An  investigation  of  Diesel 
Powered  Vehicle  Odor  and  Smoke,"  National  Petroleum  Refiners 
Association,  FL-66-46,  Fuels  and  Lubricants  Meeting, 
Philadelphia,  Pennsylvania,  September  1966. 

58.  Springer,  K.J.,  "Emissions  from  Diesel  and  Stratified  Charge 
Powered  Cars,"  Report  by  Southwest  Research  Institute  to  EPA 
Contract  PH22-68-23,  Report-460/3-75-001-a,  December  1974. 

59.  Kendall,  D.A.,  Levins,  P.L.  and  Leonardos,  G.,  Diesel  Exhaust 
Odor  Analysis  by  Sensory  Techniques,"  SAE  Automotive 
Engineering  Congress,  Detroit,  Michigan,  paper  740215, 

February  25  - March  1,  1974. 

60.  Hare,  C.T.,  Springer,  K.J.,  Somers,  J.H.  and  Huls,  T.A., 
"Public  Opinion  of  Diesel  Odor,"  SAE  Automotive  Engineering 
Congress,  Detroit,  Michigan,  paper  740214,  February  25  - 
March  1,  1974. 

61.  Cernansky,  N.P.,  Savery,  C.W. , Suffet,  I.H.  and  Cohen,  R.S., 
"Engine  Characteristics  and  Physical  Phenomena  Responsible  for 
Odor  Formation  in  Diesel  Engines,"  SAE  paper  780632,  presented 
at  SAE  Passenger  Car  Meeting,  Troy,  Mich.,  June  1978. 

62.  Savery,  C.W.,  Matula,  R.A.  and  Asmus , T. , "Progress  in  Diesel 
Odor  Research,"  SAE  Automotive  Engineering  Congress,  Detroit, 
Michigan,  paper  740213,  February  25  - March  1,  1974. 


36 


63. 


Levins,  P.L.,  Kendall,  D.A. , Caragay,  A.B.,  Leonardos,  G.  and 
Oberholtzer,  J.E.,  ’’Chemical  Analysis  of  Diesel  Exhaust  Odor 
Species,”  SAE  Automotive  Engineering  Congress,  Detroit, 
Michigan,  paper  740216,  February  25  - March  1,  1974. 

64.  Padrta,  F.G.  and  Samson,  P . C .,, ’’Diesel  Odor--Part  I: 
Identification,”  presented  at  Coordinating  Research  Council 
Meeting,  Chicago,  Illinois,  October  1969. 

65.  Rounds,  F.G.  and  Pearsall,  H.W. , ’’Diesel  Exhaust  Odor,”  SAE 
National  Diesel  Engine  Meeting,  Chicago,  Illinois,  paper  863, 
November  1956. 

66.  Merrion,  D.F.,  SAE  Trans.  77,  paper  680422  (1968). 

67.  Barnes,  G.J.,  Relation  of  Lea  Combustion  Limits  in  Diesel 
Engines  to  Exhaust  Odor  Intensity,  SAE  paper  680445,  1968. 

68.  Monoghan,  M.L.,  and  McFadden,  J.J.,  ”A  Light  Duty  Diesel  for 
America,”  paper  750330  presented  at  SAE  Automotive  Engineering 
Congress  and  Exposition,  Detroit,  February  1975. 

69.  Statement  by  Mercedes  Benz  of  North  America;  Hearings  before 
the  Subcommittee  on  Air  and  Water  Pollution  of  the  Committee 
on  Public  Works,  United  States  Senate,  May  18,  1973. 

70.  Stumpp,  G.,  ’’Reduction  of  Exhaust  Emissions  of  Diesel  Engines 
by  Means  of  the  Injection  Equipment,”  CIMAC,  Washington,  1973. 

71.  Pischinger,  R.  and  Cartellieri,  W. , ’’Combustion  System 
Parameters  and  Their  Effect  Upon  Diesel  Engine  Exhaust 
Emission,”  SAE  paper  720756,  1972. 

72.  ’’Data  Base  for  Light-Weight  Automotive  Diesel  Power  Plants,” 
Final  Report  No.  DOT-TSC-NHTSA-77 -3 , 1 Sept.  1977. 

73.  Valdamanis,  E.  and  Wulfhorst,  D.W.,  ’’The  Effects  of  Emulsified 
Fuels  and  Water  Induction  in  Diesel  Combustion,”  SAE  paper 
700736,  1970. 

74.  Torpey,  P.M.,  Whitehead,  M.J.  and  Wright,  M. , ’’Experiments  in 
the  Control  of  Diesel  Emissions,”  paper  C 127/7,  presented  at 
Conference  on  Air  Pollution  in  Transport  Engines,  Institute  of 
Mechanical  Engineers,  Solihull,  England,  November  9-11,  1971. 


37 


75.  Ohigashi,  S.,  Kurodo,  H.  , Nalcajima,  Y.,  Hayashi,  T.  and 
Sugihara,  K.,  "A  New  Method  o£  Predicting  Nitrogen  Oxides 
Reduction  on  Exhaust  Gas  Recirculation,"  SAE  paper  710010,  1971. 

76.  Quador,  A.A. , "Why  Intake  Charge  Dilution  Decreases  Nitric 
Oxide  Emission  from  Spark  Ignition  Engines,"  SAE  paper  710009, 
1971. 

77.  Abthoff,  J.  and  Luther,  H. , Automob,  Tech.  Z.  71,  4,  124-130 
(1969)  . 

78.  Parker,  R.F.  and  Walker,  J.W.,  "Exhaust  Emission  Control  in 
Medium  Swirl  Rate  Direct  Injection  Diesel  Engines,"  SAE  paper 
720755,  1972. 

79.  Wilson,  R.P.,  Jr.,  Muir,  E.B.  and  Pellicciotti , F.A.,  "Emission 
Study  of  a Single-cylinder  Diesel  Engine,"  SAE  Automobile 
Engineering  Congress,  paper  740123,  Detroit,  Michigan, 

February  1974. 

80.  Bertodo,  R.,  Downes,  T.W.E.  and  Middlemiss,  I . D .,  ’Evolution  of 
a New  Combustion  System  for  Diesel  Emission  Control,"  SAE 
Truck  Meeting,  Troy,  Michigan,  paper  74131,  November  4-7,  1974. 

81.  Petrick,  E.N.,  "Energy  Research  and  Development  for  Transpor- 
tation Systems,"  Oral  Presentation  SAE  Automotive  Engineering 
Congress  and  Exposition,  Detroit,  February  1975. 

82.  Campau,  R.M. , "Low  Emission  Concept  Vehicles,"  SAE  paper 
710294,  1971.  Also  included  in  IIEC,  a Cooperative  Research 
Program  for  Automotive  Emission  Control,  SAE  SP-361. 

83.  Meguerian,  G.H.  and  Lang,  C.R. , "NO  Reduction  Catalysts  for 
Vehicle  Emission  Control,"  SAE  paper  710291,  Jan.  1971. 

84.  McCreath,  C.G.,  Combust.  Flame  17,  359-366  (1971). 

85.  Havermann,  H.A. , "Alcohol  with  Normal  Diesel  Fuels,"  Gas  Oil 
Power,  Jan.  and  Feb.  1955,  Vol.  50,  No.  596  and  597,  pp . 15  to 
19  and  45  to  50. 


38 


86.  Bro , Klaus  and  Pederson,  P.S.,  "Alternative  Diesel  Engine 
Fuels:  An  Experimental  Investigation  o£  Methanol,  Ethanol, 

Methane,  and  Ammonia  in  a D.I.  Diesel  Engine  with  Pilot 
Injection,"  SAE  paper  no.  770794,  presented  at  the  SAE 
Passenger  Car  Meeting,  Detroit,  Mich.,  Sept.  1977. 


39/40 


0> 


I' 


>f^-S-  «L- 


' r -'’V;.^ 


■ «^V,*  l(is»  ;'■ 


' h.ti3  •£ 


■i 


t'  ■iC'.'^'}*''  ',  f:' 


♦^■4’  '.-V  1-'  ';■  ■ '■  ■•■’' 


i ■'  . '.'is ’'''  *4-  ■•^■^•/^ 


■ 4; 

■■■"'■.,  r.  ‘ "■■■  ■■  -'O V"!)'i’' 


- V? '4^^ 


a 


^ o 


5 2 

m 2 


0 S 

> > 

ss 

c a 

1 s 

2 5 

2 H 

o ; 
o a 
m cn 

S m 
> 2 

e m 
M a 


JS  F 

> M 
a • 
o o 
2 m 

z > 

o a 

■«  S 
o 5 

5 ° 

o 2! 

a » 

> > 
: z 

a CO 

IS 

13 

2 > 

a H 

a 5 

5 2 

o 

z 


15  ^ 
2 " 
> 

o 5 

•n  O 
9 w 

> s 

2 

tn  9 
;?  2 
9 O 


